I n rabbit, the gene locus controlling the variable region of the Ig heavy chain (IGVH, or V H ) is unusual by showing extensive allelic diversity. Initially, this was discovered by serological methods, which revealed that V H regions of nearly all rabbit Abs can be placed, on the basis of the allotypic motifs, into one of three groups, namely, a, x, or y (1-3). Three "a" allotypic lineages have been described, and their Mendelian inheritance was established by extensive breeding studies (1, 4, 5) . These so called a1, a2, and a3 allotypes have characteristic amino acid sequence differences in framework region (FR) 3 1 (Kabat positions 5, 8, 10, 12, 13, 16, and 17) and FR3 (positions 65, 67, 70, 71, 74, 84 and 85; 6). These differences reflect allelic variation at the D-proximal V H gene, V H 1, which accounts for ϳ80% of VDJ gene rearrangements (7) . Unlike for other mammalian species, where V H 1, V H 2, V H 3, etc. refer to gene "families" with pronounced sequence similarity, in rabbit, V H gene segments are numbered according to their relative position on the chromosome of a given allotype. (Note: for convenience "V H gene segments" will be written below "V H genes").
Thus, V H 1-a1, is the 3Ј-most V H gene of the a1 haplotype; V H 7-a2 is immediately 5Ј of the V H 6-a2 gene of the a2 haplotype, etc. Only a small number of the Ͼ100 rabbit germline V H genes have been sequenced (8) . Besides V H 1, other V H genes have been identified that encode V H 1-associated "allotypic" motifs (including V H 4-a1, V H 2-a1, V H 3-a1, V H 4-a2, V H 3-a2, V H 7-a2, V H 9-a2). They contribute to VDJ gene diversification by gene conversion (9) and evolved to some extent in concert with the neighboring V H 1 gene, defining therefore a haplotype polymorphism. The group of these genes will be indicated as "V H a" or "a-positive," to be distinguished from V H n genes, which do not encode V H 1-associated allotypic markers (V H x, V H y, and V H z, or "a-negative"; 10). The latter genes are situated Ͼ50 kb upstream of the V H a genes and contribute to Ͻ20% of rabbit Abs (11, 12) . In this study, the concept of "V H a genes," which depends on serology, will be extended to "V H genes showing significant monophyletic clustering with one or more known V H a genes in phylogenetic inference analyses based upon DNA or protein sequences." Newly described V H genes sharing derived character states with the V H a genes can then be classified as such, independent of serology. V H a genes of the aj haplotype will be designated as V H a-aj, where j ϭ 1, 2, 3, 4, etc.
Rabbit Ig allotypes are among the first protein polymorphisms ever described (13) , but after 50 years of research, we still do not understand their raison d'être. The problem posed by the Mendelian inheritance of genetic markers at a multigene locus was resolved by the finding that rabbit preferentially uses the V H 1 gene (7) and, further, by the mechanism of concerted evolution (14) . However, neither preferential expression nor concerted evolution can explain how, or why, such large differences between allelic lineages have evolved (concerted evolution being a mechanism that tends to homogenize the gene pool). Large differences between alleles are believed to be the outcome of diversity enhancement selection, which can favor both prolonged allele persistence times and increased evolutionary rates. According to an evolutionary analysis by Su and Nei (15) , the large genetic distances between the three V H 1 alleles suggest allele persistence times of ϳ50 million years (My), which is an order of magnitude larger than average mammalian speciation times. Both prolonged persistence times and increased evolutionary rates imply that this population diversity must fulfill some crucial function (cf. 16 -18) . However, the former hypothesis has specific and profound population genetic implications in regard to founder population sizes, which must always be large enough to contain each of the different alleles. In view of the importance of the questions raised by the rabbit IgH a-locus polymorphism for half a century, it might be surprising that data on the rabbit V H genes remain fragmentary and concern only a small number of domestic breeds. These breeds are recent genetic isolates (Ͻ200 years) of the subspecies Oryctolagus cuniculus cuniculus, while the genus originated some 4 -6 My ago on the Iberian Peninsula (19, 20) . Today, this area is inhabited by two subspecies, O. c. cuniculus and O. c. algirus, which, according to mitochondrial DNA data, could be separated by some 2 My (for details, see Refs. 21 and 22) .
Serological studies of Cazenave et al. (23) had already indicated that wild rabbits from the Iberian Peninsula can express V H a allotypes that differ from those occurring in domestic breeds. A large number of alleles would not be supportive of extremely long allele persistence times, because it is unlikely that many allelic lineages would be maintained throughout numerous speciation steps. However, the serological characterization suggested that the "wildtype" allotypes could represent more recent variations occurring within one of the three V H a lineages of domestic rabbits (for convenience referred to as "domestic" allotypes). This was also supported by partial amino acid sequence of one of these allotypes (a100), which showed a close relationship with the a3 lineage (i.e., 4 aa differences in the FR regions; 24). When we analyzed V H allotypes in wild rabbits from the Iberian Peninsula, a large fraction of samples from the Southwestern areas did not show any cross-reactivity with V H a-specific alloantisera. As illustrated in Fig. 1 , this phenotype was correlated with genetic markers characteristic of the subspecies, O. c. algirus, and in particular to the mitochondrial DNA type A (25, 26) . The cytonuclear disequilibrium between the cytotype A and the "a-blank" allotype (nucleotype), when estimated according to Asmussen and Arnold (27) , was highly significant (X 2 1 ϭ 36; data not shown). Among the possible explanations were 1) these rabbits preferentially use V H x or V H y genes, possibly because the D-proximal V H genes were reshuffled, damaged, or deleted (cf. 7, 10), or 2) they express a V H 1 allotype that differs markedly from those occurring in domestic breeds.
We have sequenced the V H genes expressed in eight wild specimens of the subspecies O. c. algirus, four of which were typed a-blank. The data show that these latter rabbits preferentially express V H genes that define a fourth major lineage of V H 1 allotypes (hypothesis 2). The lack of cross-reactivity with allotype-specific alloantisera can be explained by the observed amino acid changes. At the same time, the sequences obtained from a-positive O. c. algirus rabbits suggest that variations have also occurred within the major V H 1 lineages.
Materials and Methods

PCR amplification, cloning, and nucleotide sequencing of rearranged VDJ genes
Spleen and serum samples were obtained from adult wild rabbits (O. c. algirus) that were collected within the military domain of Alcochete (Ribatejo, Portugal). Serum samples were analyzed serologically by double immunodiffusion to determine a1, a2, and a3 V H allotypes. Total RNA was isolated from frozen spleen samples with TRIzol, following the manufacturer's instructions (Life Technologies, Grand Island, NY). First-strand cDNA was synthesized from 3 g of RNA using oligo(dT) as a primer (28) . VDJ gene rearrangements were PCR-amplified using primers specific for conserved regions in the V H leader (29) and in the J H gene segments (JH-B: 5Ј-GAGCTCACCTGAGAGACGGTGACCA-3Ј). PCR amplifications proceeded for 30 cycles (each cycle: 94°C for 45 s, 60°C for 45 s, and 72°C for 60 s). PCR products ϳ500 bp in length were gel-purified and cloned into the pGEM-TEasy vector (Promega, Madison, WI). Nucleotide sequences of the cloned VDJ genes were determined using an automated ABI Prism 310 sequencer with Big Dye-labeled terminators (PerkinElmer Applied Biosystems, Foster City, CA).
Phylogenetic studies
The V H nucleotide sequences were aligned using the computer program Pileup (GCG © package, Wilkinson, as provided by the Belgian EMBnet Node (www.be.embnet.be) and Clustal W (30) as provided by the freeware DAMBE package (31; aix1.uottawa.ca/ϳxxia). The alignments were corrected upon visual inspection using Genedoc (32; www.psc.edu/biomed/ genedoc). Phylogenetic analyses were performed using the MEGA 2.1 computer program (33; www.megasoftware.net). Evolutionary distances between nucleotide or protein sequences were estimated using uncorrected p-distance. For nucleotide sequences, we also show results using Kimura's 2-parameter option. We prefer the former approach because it makes a minimal number of assumptions and, according to Nei and Kumar (34) , it gives better results when large numbers of relatively short sequences are compared. Phylogenetic trees were constructed using the neighbor-joining (NJ) method (35) . For the construction of the phylograms, we included a sample of published diversified rabbit V H gene sequences representing the three domestic allotypes (accession nos. AF264476, AF264478-81, AF264493, AF264496, AF264499, AF264528, AF264544, AF264545, AF264546, AF264571-73, AF264577, AF264583, AF264585, AF264587, AF264589, AF264592, AF264595-96). The reliability of the phylogenetic tree was tested by determining the values of bootstrap (36) and confidence (37, 38) probabilities, respectively. For sequence pairs under comparison, alignment gaps were excluded from analysis (pairwise deletion option in MEGA). The molecular clock was tested by the relative rate test (39) , as provided in the MEGA package.
Identification of novel genetic variants
For discerning the germline V H genes from groups of diversified V H sequences, the algirus sequences were aligned with all known rabbit V H germline genes. The algirus sequences often show some systematic variation that differentiates them from sequences obtained from domestic rabbits. For the vast majority of sequences of a-blank rabbits, this "unprecedented" variation clearly indicates novel variants of V H genes in algirus rabbits. This is less obvious for some sequences of a-positive rabbits, where recurrent variation could either indicate "novel" genetic variants of the "domestic" allotypes or the consistent use, for gene conversion events, of donor V H genes present in both algirus and domestic rabbits. The latter possibility was evaluated by searching the GenBank database for rabbit sequences showing the same unexpected amino acid replacements. This was tested by submitting such variant sequences, or segments of them, to protein BLAST searches using the software provided by National Center for Biotechnology Information (www.ncbi.nlm.nih.gov/blast). The alignments for the 1000 most similar rabbit V H gene sequences were edited under the "flat query-anchored with identities" option, and examined visually.
Results
Serological typing and sequence determination
cDNA was obtained from spleen and peripheral blood cells of seven adult wild rabbits: Rb07, Rb11, Rb27, Rb32, Rb36, Rb40, Rb43, and Rb60. According to their mitochondrial DNA (26) , as well as to other genetic markers (protein and microsatellite DNA; 21), these rabbits belong to the subspecies O. c. algirus (data not shown). When tested with conventional alloantisera, Rb43-typed "a1/a2" heterozygous, Rb07 and Rb36 "a1 only," and Rb11 "a3 only." Sera of Rb32 showed weak cross-reaction with a3-specific antisera (a3-variant 32). Sera of rabbits Rb27, Rb40, and Rb60 did not show any cross-reactivity (a-blank). Because of the prevalence of a-blank in the study area (Ͼ20%), the a-positive rabbits (Rb07, Rb36, Rb11, Rb32) have a reasonable chance of being heterozygous for the a-blank genotype.
A total of 120 V H sequences, comprising the entire V H exon, were obtained, of which nine were duplicate sequences that were obtained from a same rabbit. One hundred eleven nonindentical sequences were deposited in GenBank under accession numbers AY207941 to AY208048 and AY299401 to AY299403. Except AY208000 and AY208009 (both from Rb43), which differ by a synonymous C-T transition at the arginine codon of amino acid position 38, all submitted sequences encode unique amino acid sequences. Forty-four of them were expressed in rabbits typed as homozygous a-blank, while 11 more were obtained from a rabbit that appeared to be heterozygous for the a-blank allotype (Rb07). Table I lists, for each of the eight serotypes, the number of sequences leading to unique amino acid sequences (110 sequences, of which 52 were classified a-blank, 55 a-positive, and 3 a-negative). Unless stated otherwise, we present and discuss the results at the level of the protein sequence.
Inferring V H genes expressed in O. c. algirus
The V H regions of rearranged VDJ genes in adults are likely somatically diversified versions of the used genomic V H genes. Sequence comparisons can help to infer the likely sequences of these germline genes, as well as identify genes contributing to the V H gene diversification by gene conversion.
The O. c. algirus sequences were therefore aligned with all published rabbit genomic V H sequences. Rabbit V H sequences belong to the class C (40, 41) . For this reason, we used, as outgroups in phylogenetic analysis, vertebrate V H sequences that are separated by a relatively short branch from the root of class C sequences (human V H 3, camel V H , and duck V H ). Fig. 2 displays the unique amino acid sequences inferred from the nucleotide data, grouped according to highest similarity to known rabbit germline genes. They are compared with a consensus sequence of rabbit V H a genes to highlight the differences among the V H a allotypes. Residues are numbered according to IMGT numberings (imgt.cines.fr; 42) or to Kabat et al. (43) , the latter numbering being used throughout the text below. For groups of V H sequences that show systematic differences from known genes (which is the case for the majority of sequences obtained from a-blank rabbits), consensus sequences are proposed. These likely represent the underlying germline sequence. The possibility that differences might be due to gene conversion with V H genes also present in domestic breeds was examined by BLAST searches outlined in Materials and Methods.
V H genes used by a-positive algirus rabbits
V H a-a1 genes expressed by Rb07, Rb36, and Rb43. Rb07 appears heterozygous for the a1 allele and another allele that is also expressed in a-blank rabbits (see below). Whereas the a1 sequence of Rb07 conforms to a domestic V H 1-a1 gene, those expressed by Rb36 and Rb43 consistently show at positions 17, 74, 82, and 82C the residues that distinguish V H 4-a1 from V H 1-a1. The second deletion in FR3 (position 74), which is characteristic of V H 1-a1 and absent in V H 4-a1, is also absent in all V H a-a1 sequences of these two rabbits, except for sequence Rb36_424. The latter sequence, however, shows more similarity with the pseudogene V H 3-a1 and is likely a product of gene conversion ( Fig. 2A) . One sequence from Rb07 (Rb07_332; Fig. 2A ) is clearly derived from a V H x-like gene, while one sequence from Rb43 (Rb_499) is clearly derived from a V H y-like gene. Fig. 2A 1-a3v32) . Serological analysis shows that rabbit Rb32 expresses some, but not all, of the a3 determinants. The Rb32 sequences differ from those of the V H 1-a3 allotype at nine FR positions: two in FR1 (D10, Q13), and seven in FR3 (Q66, D79, K81, T82, G85, H86, M87). The amino acid differences at positions 10 (D/G) and 13 (Q/P) of FR1 have also been observed in domestic a3 rabbits, although much less frequently, possibly due to gene conversion with V H 6-a3 or a similar donor gene. In contrast, the substitutions in FR3 were never, or extremely rarely, observed in domestic rabbits. Among the 1000 rabbit V H sequences retrieved by a protein BLAST search using the FR3 region of Rb32_634 as query sequence (see Materials and Methods), none showed either the residues Q66 or H86 that are present in all but two of the R32 sequences. Residues T82, G85, and M87 each occurred at frequencies below 0.5%. D79 and K81 are frequently observed among a1 and a2 sequences, but not among a3 sequences. Rb32 undoubtedly expresses a genetic variant of the a3 lineage, which we call a3v32. Interestingly, residues G10, Q13, D79, and M87 have previously been reported in the partial amino acid sequence obtained by Tonelle et al. (24) from a wild rabbit typed a100 ( Fig. 2A) . It is possible that a100 and a3v32 are different names for the same allotype.
V H genes used by a-blank algirus rabbits define a fourth V H a allotypic lineage: V H a-a4
V H genes expressed in a-blank rabbits belong to the V H a group. Except for one single sequence (Rb60_822), which is clearly a product of an a-negative V H x-like gene, all V H genes expressed in the a-blank rabbits (Rb27, Rb40, Rb60) appear to be derived from very similar germline genes. Visual inspection of the inferred protein sequences (Fig. 2B) shows that they are clearly more related to the V H a than to V H x or V H y genes. This conclusion is supported by a variety of phylogenetic inference programs conducted at both the nucleotide and protein levels and is independent of the complementarity-determining regions. For the construction of the phylogram shown in Fig. 3 , we included a random sample of published diversified V H sequences of domestic rabbit (see Material and Methods). The a-blank sequences form a monophyletic cluster with the V H 1-a genes, which clearly branches apart from the V H n genes (V H x, V H y, and V H z). At the protein level, the a-blank sequences share a number of apomorphic (or "derived") characters with one or more of the domestic V H a genes. Examples are the V H a hallmark peptides (18) LTLTCT (23) (Fig. 4) . Visual inspection of the protein sequences (Fig. 2B ) reveals that the a-blank sequences, although clearly belonging to the V H a genes, have unique features in common that set them apart from the a1, a2, and a3 alleles. The most consistent marker residues are found in FR3, where, for each of 49 a-blank V H a sequences, the V H a consensus residue K/Q(81) is replaced by T(81). The V H a consensus peptide (83)TAA(85), which is TTE in the a1 allotype, is replaced by ELS, or by QPS in most a-blank sequences.
Although FR2 is highly conserved among vertebrate class C V H genes (including the rabbit V H 1 genes), the a-blank sequences present some unprecedented changes. In the majority of them, the canonical (42)GK/NG (44) 
is replaced by either EEG or EER. Quite remarkable is the change of A(40) into VP(40), due to a 3-bp insertion before the second codon position of A40(gct3g[tg c]ct).
This was observed in 17 sequences, obtained with three different rabbits. Assuming that, like domestic rabbits, a-blank rabbits preferentially use the D-proximal V H gene, we propose that the majority of the sequences obtained from a-blank rabbits are derived from a genuine allele of the V H 1 gene, which we call V H 1-a4. The phylograms in Figs. 3 and 4 compare the a4 sequences with the known functional genomic V H sequences of rabbits. The pairwise distances between the a4 sequence and the a1, a2, or a3 sequences were similar to those between the latter three (domestic) allotypes (Table II) , confirming that the a4 lineage cannot be considered a subtype of one of the known allotypic lineages. Allelic diversity among V H 1-a4 sequences? The degree of diversity among a4 sequences tended to be larger than currently observed among a-positive sequences of the same allotype in domestic rabbits (data not shown). This could have to do with the fact that our sample of a4 sequences was obtained from seven different haplotypes (one heterozygous and three homozygous a4 rabbits), i.e., cryptic allelic variation could account for some of this diversity. Phylogenetic clustering methods and visual inspection of the amino acid alignments indeed indicate that there might be at least two a4 variants, a4.1 and a4.2. The consensus sequences of these two variants are presented in Fig. 2B . Rb60 appears to be homozygous for one variant (a4.1). Rabbit Rb07, which is heterozygous a1/a4, appears to possess the a4.2 variant, whereas Rb27 and Rb40 appear to be heterozygous a4.1/a4.2. The phylogram in Fig. 4 highlights the position of the a4.1 and a4.2 consensus protein sequences among known genomic V H genes. Gene conversion. There are strong indications that the putative a4 variants are diversified by gene conversion events involving V H donor genes that, in some cases, might be present in both lineages. At a number of positions, amino acid replacements requiring two or more nucleotide substitutions occur more often than expected if Inspection of the sequence alignments indicates that in some cases variation could possibly be due to PCR crossing-over. Indeed, sequences Rb40_905, Rb40_901, and Rb27_561 unite characteristics of a4.1 and a4.2 sequences in the 5Ј and 3Ј regions, respectively, while the opposite is true for Rb40_908 (Fig. 2) . These sequences were not included in the phylogenetic analysis shown in Fig. 3 . As these sequences were obtained from rabbits that express both subtypes, PCR crossing-over, and/or gene conversion could be an additional source of variation. However, crossing-over was not observed between the a1 and a4 genes of Rb07 or between the a1 and a2 genes of Rb43. The presence or absence of the valine (position 39A) insertion in FR2 among the a4.1 sequences indicates that more than one V H gene contributes to this particular allotype. The sequence of Rb60_810 between position 1 and 17 could be a product of gene conversion of the putative a4.2 gene and a gene resembling the V H 4-a1 gene of domestic rabbit. We conclude that the V H a-a4 sequences presented here are likely diversified by gene conversion. In Fig. 2B , we have indicated frequent alternates of the consensus sequences. -vh(1,4) , a2-vh (1, 4, 7, 9) , a3-vh (1,4) ); , V H n genes (a2-vh6, a3-vh (3, 6 ), x, y, z); , V H a pseudogenes (a1-vh(2,3)); E, outgroup (Hum V H 3, Camel V H , Duck V H ). Squares, triangles, and diamonds indicate V H regions of RT-PCR-amplified VDJ genes obtained from wild rabbits of subspecies O. c. algirus: OE, Rb07; , Rb11; छ, Rb27; Ⅺ, Rb32; , Rb36; , Rb40; , Rb43; ‚, Rb60. VDJ gene sequences representing domestic rabbits of the a1, a2, and a3 allotypes are not labeled (accession numbers are displayed in Materials and Methods). Sequences reflecting possible crossing-over or gene conversions (marked by x and rc in Fig. 2) were excluded from the analysis. Confidence probability values (1000 replicates) are shown at branch nodes if larger than 85, except for the a4.2 clade (confidence probability ϭ 73). The tree illustrates the fact that the vast majority of VDJ genes expressed in rabbits Rb07, Rb27, Rb40, and Rb60 form a well-defined cluster that is monophyletic and equidistant from the clades formed by the V H a genes expressed in domestic rabbits of the a1 and a2 allotypes.
Gene usage. In sharp contrast with our first hypothesis, the ablank rabbits do not preferentially use V H n genes. In fact, of the 43 sequences obtained from rabbits Rb27, Rb40, and Rb60, 42 had the V H a signature, while only one was V H x-like. If indeed the number of PCR clones reflects gene usage, V H n genes were used significantly less frequently in a-blank rabbits than was previously observed in domestic rabbits. This pronounced bias in gene usage is apparently not a characteristic linked to the a-blank genotype, because it was also observed for the a-positive rabbits of the same population (55 V H a sequences vs zero V H x and one V H y). Allelic imbalance. Another characteristic of the rabbit V H a allotypes is "allelic imbalance" in gene expression or "pecking order" (45) (46) (47) . This refers to the fact that the different V H a alleles are not used to the same extent in heterozygous animals. Thus, heterozygous a1/a2 rabbits consistently use a1 genes more often than a2 genes. We note that with Rb43, which typed a1/a2 heterozygous, the ratio a1/a2 was on the contrary 3:16. This could possibly have to do with the fact that the V H 1-a1 of this rabbit differs from that in domestic breeds (see above). For rabbit Rb07, which is heterozygous a1/a4, the a1/a4 ratio was 1:7, indicating that allelic imbalance, if occurring at all, would favor the expression of the a4 allotype in the presence of the a1 allotype. Absence of V H a serological markers. In Fig. 2 , the V H a-allotypic residues (i.e., residues known to be associated with serological determinants of the allotype) are highlighted. The a4 sequences present most of the domestic allotypic marker residues of FR1. These marker residues however are apparently not presented in combinations required for serological cross-reactivity. For example, while the a2 marker residues K5, F12, and T17 (FR1 region) are frequently found among a4 molecules, they never occur together. The same is true for the a1-associated FR1 residues R10 and T13, except for two Rb60 sequences (Rb60_810, Rb60_878), where we would expect the phenotypic expression of an a1 determinant. The fact that rabbit Rb60 was typed a-blank suggests that the serum level of such molecules is too low for detection or, more likely, that a majority of the Abs of our a1-specific antisera are directed against determinants in the FR3 region. Indeed, none of the marker residues of the a1, a2, or a3 allotypes was observed in the FR3 region of the a4 sequences.
Discussion
Proteins encoded by allelic genes show in general not Ͼ1-3% aa differences. Evolutionary theory offers two possible explanations for interallelic distances as large as those observed at the rabbit V H a locus: unusually long allele persistence times and increased mutant recruitment rates. The concept of a molecular clock is a powerful tool that evolutionists avoid abandoning. According to Su and Nei (15) , the fact that alloantisera raised in rabbit distinguish three V H a allotypes in populations of Lepus americanus suggests that both species have inherited the same three lineages, which could explain the large interallelic distances without invoking acceleration of evolution rates.
The main objective of this study was to determine whether the study of natural populations in the original species range could contribute to a more accurate estimate of the genetic variation at a Calculated using the corresponding option of the MEGA2 package. b Net distances are main distances between groups, corrected for variation within groups, and were determined between allotypic clusters of VDJ sequences of the tree presented in Fig. 3 (inclusive the VDJ sequences of domestic rabbits) . this locus. We show here that there are at least four highly divergent lineages (Fig. 2) . A correct estimation of the distance between the a4 lineage and the other V H a lineages is hampered by the fact that only diversified sequences of the putative V H 1-a4 gene are available. However, the net distances between diversified V H sequences of the four lineages are similar (Table II) . If we assume with Su and Nei (15) that the V H a genes of different haplotypes evolved at a similar rate as other proteins (i.e., 1.4 ϫ 10 Ϫ9 nucleotide substitutions per year), then not three but four lineages have been maintained over numerous speciation steps (40 -60 My). However, the present geographical distribution of the four allotypes in the native species range shows that the a4 allele is associated with the maternal markers of the subspecies O. c. algirus and did not pass the Pyrenean Mountains (Fig. 1) .
A detailed evolutionary analysis of the present data is beyond the scope of this paper. It is nevertheless interesting to compare the present observations with those made in a study of gene diversity at the IGKC1 or C K1 b locus in Iberian rabbit populations (48) . The C K1 gene, which encodes the constant region of the Ig1 L chain, is used in Ͼ95% of L chain rearrangements. Allelic differences at this locus are even larger than those at the V H a locus and contrast sharply with the very limited variation at the quasi-silent C K2 bas locus. The b4 and b5 C K1 alleles, which predominate in all populations of O. c. cuniculus, were less frequent in populations of O. c. algirus. These populations instead express genetic variants serologically related to the b4 and b5 alleles but differing from them at up to 15% of the amino acid residues. It was argued that the association of specific alleles with subspecies markers is in contradiction with extremely long allele persistence times.
The present results, showing that the V H a allotypes that prevail in O. c. cuniculus populations, are in part "replaced" in O. c. algirus populations by the related a4 allotype (Fig. 1) , mirrors to some extent the situation described for the C K1 b locus. In the study mentioned, the molecular clock hypothesis was rejected for the C K1 lineages, and the data analysis furthermore indicated that, compared with the b9 lineage, the b4 and b5 lineages showed both higher allele turnover rates and higher evolutionary rates.
Our data suggest that evolutionary modes might also vary among V H a lineages. In Fig. 4 ., we show a phylogenetic tree reduced to the genomic sequences and the a4 consensus sequences. It strongly suggests that amino acid divergence was markedly increased in the V H a a1, a2, and a4 lineages in comparison to that in the a3 and V H n lineages. The statistical significance of these differences was confirmed by Tajima's relative rate tests (Table  III) and the Felsenstein maximum likelihood ratio test (data not shown). Because of the increased evolutionary rate in the V H a a1, a2, and a4 lineages, allele persistence time could be largely overestimated. A considerable fraction of the amino acid differences characterizing the a4 allele might indeed have accumulated after the separation of the subspecies, explaining its association with subspecies O. c. algirus.
In view of the evidence suggesting a role for superantigens in the expansion of B cell lineages that present V H a allotypic motifs (16 -18) , and of the gut microflora in Ab repertoire diversification (49, 50) , another explanation for the correlation between the complex Ig allotypes (V H a and C K1 b) and subspecies markers should be considered. By occupying different habitats, each subspecies might indeed acquire a different intestinal microflora, which could favor habitat-specific frequency distributions of (pre-existing) V H a allotypes. All 52 a4 sequences here obtained share highly unusual residues at H81-H85 (or H90-H97 in IMGT numbering), suggesting that this region is not affected by gene conversion, or/and that B cells presenting these motifs are preferentially stimulated to expand. X-ray crystallography shows that in human the V H 3 domain residues at these positions interact with a protein A domain of Staphylococcus aureus (H81-H82b; 51). Thus, the four V H a allotypes were perhaps present in the common ancestor species, but the expansion of the a4 allotypes was favored by selection only in Southwestern regions. Selection factors have indeed previously been invoked by Sehgal et al. (44) and Zhu et al. (29) for explaining the "reconstruction" the a2 allotypic motifs in V H 1-a2 knockout rabbits (i.e., Alicia strain).
Unlike FR3, the FR2 region is not expected to interact with superantigens. In fact, the allelic variation at the FR2 of V H a-a4 proteins affects residues that interact with the V L domain and are highly conserved among vertebrate V H genes. The replacements of glycine residues at positions H42 and H44 by charged residues are surprising. It is noteworthy that in the camel and lama, amino acid a The test was performed using the MEGA2 package applied to the published genomic sequences, and the consensus sequences were obtained from the a4.1 and a4.2 VDJ sequences.
b Probability of rate monotony between SeqA and SeqB lineages vs outgroup. The hypothesis of identical evolutionary rates between the V H lineages a3, x, and y is not rejected ( p Ͼ0.2). In contrast, evolutionary rates of the a1, a2, and a4 lineages differ significantly from that of a3, x, and y lineages ( p Ͻ0.03)
c The hypervariable parts of the complementarity determining regions were excluded from the analysis.
replacements in this molecular region were observed for the V H H domains of the H chain Abs (including a G/E exchange at H44) and have been associated with the loss of L chains (52) .
In conclusion, the presented data show that the study of wild specimens of the original species range can contribute significantly to our understanding of the evolution and biological meaning of the rabbit Ig polymorphisms.
